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Titanium alloyAbstract How to control the microstructure of titanium alloy bars is important to fabricating
high-performance aerial forgings. This paper gives a thorough survey of the manufacturing meth-
ods and microstructure control techniques for titanium alloy bars. It summarizes the effects of pro-
cessing parameters on the mechanisms and laws of microstructure evolution during b working and
(a+ b) working, including the kinetics and grains size of dynamic recrystallization (DRX) during b
deformation and the kinetics and grains size of spheroidization during (a+ b) deformation. The
trends in microstructure control techniques are presented for fabricating titanium alloy bars with
high efficiency, low cost, and high quality by means of b/(a+ b) working, and the puzzles and chal-
lenges in the future are also pointed out.
 2016 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Titanium alloys have been widely applied to aviation, chemical
processing, and pharmaceutical due to high specific strength,
good mesothermal performance, good corrosion resistance,
low Young’s modulus, and non-toxicity. Especially, titanium
alloys are applied in the aerospace industry largely. They are
used in advanced airplanes to 30%–50% weight of the total
structure, for instance, 41% in F-22 fighters. Titanium alloys
have become one of the indispensable structure materials ofairplanes.1–3 Forging is the most applicable forming route of
titanium alloy parts. Generally, these forgings are fabricated
by primary hot working which transforms ingots to semi-
products, followed by secondary hot working which trans-
forms semi-products to final products. Bars are important
semi-products, as a large fraction of aerial titanium alloy forg-
ings, such as cartridge receivers manufactured by a ring rolling
process, blades, integral blade disks, and bulkheads, are fabri-
cated from bars. The microstructure of bars greatly influences
the performance of final products. Thus, rigorous control on
microstructure is performed in primary hot working. With
increasing of the forging projected area, the diameters of bars
for fabricating forgings increase from tens of millimeters to
hundreds of millimeters. This requires a more advanced
microstructure control technique, for the purpose of meeting
the microstructural requirements of bars.
Typical primary processing for titanium alloy bars involves
forging in both the b phase field (b forging or b working) and
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Taking the advantages of good workability and low working
loads at high temperature4–6, b working is employed to break
the coarse as-cast structure so as to obtain fine and homoge-
neous beta grains. In despite of lower workability and higher
working loads,7 (a+ b) forging is necessary to break the
lamellar structure formed in b forging. A more refined bimodal
alpha + beta microstructure is achieved after (a+ b) work-
ing, of which the various mechanical properties are well
matched. In order to achieve a fine and homogeneous bimodal
microstructure, b working and (a+ b) working should be rea-
sonably matched for titanium alloy bars fabrication. To this
end, microstructure evolution and control during b working
and (a+ b) working are researched actively.
This paper summarizes recent research work on microstruc-
ture evolution and microstructure control techniques for fabri-
cating titanium alloy bars. The trends in microstructure
control techniques are presented for the fabrication of titanium
alloy bars with high efficiency, low cost, and high quality by
means of b/(a+ b) working. For this purpose, the puzzles
and challenges in the future are pointed out. The progresses
can instruct the fabrication of large-size titanium alloy bars.
2. Microstructure evolution during b working
2.1. Microstructure evolution mechanisms during b working
Dynamic recovery (DRV) is an important softening mecha-
nism in high temperature deformation of beta phases. This is
often associated with the bcc structure and high stacking fault
energy of beta phases, in which dislocation climb and cross-slip
are favored. DRV results in a clear substructure within the
original beta grains. This has been confirmed by experimental
studies in different kinds of titanium alloys. Wang et al.8 found
that DRV was the dominant microstructure evolution mecha-
nism in b working of the near beta Ti53311S titanium alloy.
Han et al.9,10also confirmed that DRV occurred in beta grains
during b working of the near alpha Ti600 titanium alloy. The
apparent activation energy (Q) ranges from 170 kJ/mol to
220 kJ/mol, which is similar to that of self-diffusion in the beta
phase (153 kJ/mol),11 as shown in Table 1.12–19 The similarity
of apparent activation energy to that of self-diffusion in the
beta phase indicates that DRV dominates the microstructure
evolution during b working.
Besides DRV, some research works also indicate that par-
tial dynamic recrystallization (DRX) occurs.17,18,20 Generally,
the proportion of DRX to the total microstructure evolution
is small.15,21–25 Wanjara et al.26 reported that an averageTable 1 Apparent activation energy of titanium alloys in the
b phase field.12–19
Alloy Q (kJ/mol)
TA1512 215
IMI83413 153
IMI68514 193
Ti6Al4V15 210
TC1116 172
TC2117 185
Ti3Al5V5Mo18 133
TB819 227recrystallized fraction was attained to be 2.3% when the
IMI834 titanium alloy was deformed at 1050 C with a strain
rate of 1 s1 to a true strain of 0.2, which reached to 50% with
increasing of a true strain of 1.2. Research by Ding et al.27
reported an average recrystallized fraction of less than 30%
in deformation of the Ti–6Al–4V titanium alloy at 1050 C
with a strain rate of 0.05 s1 to a true strain of 0.7. These
works show that microstructure evolution is mainly DRV for
titanium alloys during b working.
The prior beta grains become elongated in the plane per-
pendicular to the compress axial direction, and exhibit a tridi-
mensional pancake-shape structure due to the strong DRV in
b working.20,28–31 Recrystallized beta grains are often observed
at the prior beta grain boundaries, where the nucleation of
DRX grains is initiated. This gives a necklace-appearance of
fine equiaxed beta grains around the deformed and elongated
prior beta phase.26,32,33 The morphology of beta grains for tita-
nium alloys during b working is illustrated in Fig. 1.34
2.2. Effect of process parameters on microstructure evolution
during b working
The microstructure of a deformed material is closely related to
process parameters, such as temperature, strain rate, strain,
and their interactions. Detailed work has been carried out by
many researchers on the regulations of microstructure evolu-
tion in b working of titanium alloys.
The microstructure evolution during b working is sensitive
to strain rate. Excessive high strain rate is disadvantageous to
nucleation of DRX.35,36 Zhu et al.37 studied microstructure
morphology with strain rates of 0.01–10 s1 for the TC21 tita-
nium alloy during b working. The results indicated that only
DRV was observed at strain rates greater than 1 s1. A lower
strain rate avails to occurrence of DRX as it provides more
time for nucleation and growth of new recrystallizing
grains.38,39 Balasubrahmanyam and Prasad40 studied the
microstructure evolution at strain rates between 0.001 and
100 s1 for the Ti–10V–4.5Fe–1.5Al titanium alloy at high-
temperature upset forging and observed DRX at strain rates
ranged from 0.001 s1 to 0.1 s1. Generally, the extent of
DRX grows firstly and then decreases with decreasing strain
rate. Excessive low strain rate gives enough time for DRV
and suppresses DRX.41 Wang et al.42 studied the microstruc-
ture evolution for the Ti–6.5Al–3.5Mo–1.5Zr–0.3Si titanium
alloy during b working. Their work indicated that only DRV
was observed at 1035–1080 C at strain rates lower than
0.01 s1.Fig. 1 Microstructure of IMI834 titanium alloy deformed in the
b phase field.34
32 L. Guo et al.The deformation temperature also affects the microstruc-
ture evolution significantly during b working. It is found that
DRX hardly occurs at lower temperature in the b phase field.
However, the extent of DRX grows with temperature.19,43,44
The work by Ding et al.27 showed the proportion of DRX of
the Ti–6Al–4V titanium alloy was less than 5% at 1000 C
and all strain rates. However, the DRX percentage grew to
about 30% at temperature of 1050 C and a strain rate of
1.0 s1. Lei et al.45 found that the DRX percentage was
30%, 42%, and 48% at 1000 C, 1050 C, and 1100 C with
a strain rate of 0.1 s1 to a true strain of 1.2.
The microstructure evolution is remarkably affected by
strain during b working. DRX grains cannot be observed until
a certain strain is reached. The fraction of DRX grains grows
sharply with strain.46,47 Wanjara et al.26 reported that the frac-
tion of DRX grew from 2.3% to 50% at a strain rate of 1 s1
and temperature of 1050 C, as the strain increased from 0.2 to
1.2. Chen et al.48 reported a similar phenomenon in b working
of the TC11 alloy.
2.3. Microstructure prediction and control during b working
Based on the identified microstructure mechanisms, many
models have been established for b working of titanium alloys.
Generally these models mainly involve the kinetics of DRX
and the grains size of DRX. The kinetics models are mainly
based on the Avrami equation, for the purpose of prediction
volume fraction of DRX.16,36 The models for predicting the
grains size of recrystallized beta phases are mainly modified
or improved from the Sellars equation.15,22,26 Wang et al.49
established the equations of the DRX kinetics and the DRX
grains size of the beta phase for the Ti–6.5Al–3.5Mo–1.5Zr–
0.3Si titanium alloy deformation in the b phase field, as given
in the following equations:
XDRX ¼ 1 exp 0:693 e ece0:5
 2" #
ð1Þ
DDRX ¼ 11:89d0:1040 e0:015 _e0:085 exp
78:453
RT
 
ð2Þ
where XDRX is the volume fraction of DRX, e is the true strain,
ec is the critical strain, e0:5 is the strain of 50% DRX, DDRX is
the grain size of DRX, d0 is the initial grain size, _e is the strain
rate, R is the gas constant, and T is the working temperature.
These equations are based on the recrystallized laws of beta
phase during b working. Chen et al.16 indicated that the
DRX grains size of the beta phase was related to the Z param-
eter (Z ¼ _e exp½Q=ðRTÞ. The recrystallization kinetics and
grains size of the beta phase for the TC11 titanium alloy dur-
ing b working are determined as follows:
DDRX ¼ 1999:02Z0:334 ð3Þ
XDRX ¼ XS  f1 exp½Bðe epÞg ð4Þ
where XS is the modified volume fraction of DRX by prior
grain size, B is a material constant, and ep is the peak strain
in the flow stress curve. Balasubrahmanyam and Prasad40
related the DRX grains size with the Z parameter, and estab-
lished the model of the DRX grains size for the Ti–10V–4.5Fe–
1.5Al titanium alloy in upset forging. Ding et al.27 modeled theDRX grains size for the Ti–6Al–4V titanium alloy during b
working based on the following equation:
r
l
D
b
 m
¼ K ð5Þ
where r is the flow stress, l is the shear modulus, D is the mean
grain size of DRX, b is Burger’s vector, exponent m is 2/3, and
K is a constant in the range of 1–10.
2.4. Further works in b working
Though much work has been carried out on b working, there
still exist some problems in the prediction and control of
microstructure evolution, which are summarized as follows:
(1) A mechanism map is needed to quantitatively character-
ize the mechanisms of microstructure evolution under
different hot working conditions. The transition from
DRV to DRX is sensitive to deformation parameters.
Moreover, the recrystallization kinetics is greatly influ-
enced by the processing conditions. Though the process-
ing map, which relates the main microstructural
mechanism with processing parameters, has been used
to instruct the deformation of titanium alloys, it may
not be accurate enough for quantitative measurement
of microstructure evolution. This requires a new method
which reflects the detail information on microstructure
evolution.
(2) The relationship between grains morphology and pro-
cess parameters needs to be clarified. The beta grains
become elongated in the plane perpendicular to the com-
pression axial direction and staved in the deformation
direction. Deformation texture and substructure are also
formed. These affect the precipitation of lamellar alpha
during cooling from the deformation temperature. Teix-
eira et al.50 reported that the distributions of sub-grain
boundary and misorientation angles were related to
the plastic deformation conditions during b working.
This affected the occurrences of aGB and aWGB, where
subscript GB stands for grain boundary allotriomorph
and WGB for Widmansta¨tten plates at the grain bound-
aries. The morphology of the alpha lamellae will affect
the process in the (a+ b) phase field.
(3) A model is needed for predicting the morphology of beta
grains. The microstructure morphology is determined by
the competition between DRV and DRX. The model for
characterizing or predicting the morphology of beta
grains should be integrated into the traditional DRX
model.
3. Microstructure evolution during (a+b) working
3.1. Microstructure evolution mechanisms during (a+b)
working
Alpha and beta phases existing in the microstructures of tita-
nium alloys have different morphology when the materials
are heated to the (a+ b) phase field. It is observed that the
lamellar alpha, equiaxed alpha, or a mixture of them is usually
distributed in the beta matrix. For the purpose of obtaining an
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microstructure, the thermo-mechanical processing in the (a
+ b) phase field is adopted.51–58 The morphology of the lamel-
lar structure retains the same during heating in the (a+ b)
phase field, but the thickness of lamella changes at a certain
degree (microstructure characteristics of lamellar alpha dis-
tributed in the beta matrix is shown in Fig. 2).59 While complex
microstructure appearances are observed when being
deformed at the (a+ b) phase field. Various microstructure
appearances observed in the above mentioned process have
significant bearings on the alpha and beta phase evolution laws
during (a+ b) working.
The morphology of lamellar alpha becomes spheroidized
via the occurrence of a high-angle grain boundary during (a
+ b) working. Meanwhile, DRX and DRV are observed in
the beta phase during (a+ b) working. Many previous works
indicated that the mechanisms of high-angle grain boundary
formation could be classified into two types: the DRX mecha-
nisms60–62 and the non-DRX mechanisms.
Some researchers believed that the spheroidization in the
(a+ b) phase field were caused by DRX. According to them,
DRX firstly occurred within the lamellar alpha during defor-
mation which led to ‘‘alpha grains string”, i.e., multi-alpha
grains located in a line, and further resulted in the formation
of a–a interface within the lamellar alpha. Secondly, with the
aids of interfacial energy controlled diffusion, the grooves
caused by perturbations or instability of the alpha–beta inter-
face became deeper and further split the short-bar shaped
alpha phases. As a result, lamella with a high aspect ratio split
into small segments. Finally, alpha segments underwent a mor-
phological transformation from an irregular shape to a globu-
lar shape by the termination migration. Chen et al.63 reported
that the globularization mechanism with an initial lamellar
structure. Their work demonstrated that continuous dynamic
recrystallization (CDRX) occurred within the alpha plates in
the TC11 titanium alloy during (a+ b) working, which
included: (1) the formation of a substructure with low-angle
boundaries by deformation and recovery within the alpha
plates; (2) splitting of the alpha plates by diffusion along the
substructure of the beta phase via slipping along grain bound-
aries; (3) globularization of alpha grains and homogenization
of the structure. Zhou64 reported that the globularization pro-
cess of the Ti-17 titanium alloy with an initial lamellar struc-
ture deformed in the (a+ b) phase field was separated into
three steps: firstly, the sub-boundaries formed within the alphaFig. 2 Lamellar structure of titanium59: (a) before hplates by DRX; secondly, the sub-boundaries were split due to
the slipping of the a/a grain boundaries; finally, the sub-grains
were further globularized. The mechanism of non-DRX
mainly contains buckling splitting, boundary splitting, and ter-
mination migration. The microstructure evolution is related to
the geometrical morphology of the alpha plates.
Lai65 offers an example of globularization by buckling split-
ting. The force imposed generates stress parallel to the com-
pression direction and the effect of material flow assists the
alpha plates to rotate to an orientation parallel to the compres-
sion axis which results in buckling more easily. The splitting
and segregation easily take place in the defect areas due to
the beta phase wedging. Li et al.66 demonstrated that the evo-
lution of lamellar alpha contained buckling, fragmentation,
and spheroidization sequentially. Mironov et al.67 studied the
microstructure evolution of the Ti–6Al–4V titanium alloy with
a colony structure during warm working. The microstructure
evolution was found to be driven mainly by the imposed strain
and by the kinking of alpha lamellae. For most cases, the
lamellar microstructure was considered stable during the con-
ventional loading process with limited globularization
observed only in kinked alpha colonies.
Apart from the buckling splitting mechanism, boundary
splitting is another key mechanism comprehensively supported
by researchers. Boundary splitting requires an internal bound-
ary through the thickness of one of the lamellar phases. The
boundary may originate from a pre-existing grain boundary
or a sub-grain boundary/deformation band introduced during
cold or hot working. Such a boundary creates an unstable
(90) dihedral angle. To lessen interfacial tension, the dihedral
angle is reduced and stabilized by the diffusion of the inter-
lamellar phase into the boundaries. Eventually, the diffusion
of the second phase into the boundary (‘‘thermal grooving”)
results in a ‘‘pinch off” and two new terminations due to the
elimination of the intralamellar boundary. The work of Ste-
fansson et al.68 indicated that the initial stage consisted of seg-
mentation of the lamellae via boundary splitting.
Shearing of the alpha plate was proposed by Seshacharyulu
et al.69 The shearing deformation easily takes place in the
lamellar alpha phase, which is mainly caused by the force
imposed perpendicular to the compression axis. Dislocations
are localized on the shear lines (severely sheared regions)
within the alpha plates. The dislocations with the opposite
signs are annihilated with each other by the recovery. Mean-
while, the interfaces are produced along the shear lines, whicheating; (b) after heating in the (a+ b) phase field.
34 L. Guo et al.are caused by the dislocations with the same sign. To reduce
the interfacial energy, the diffusion of the second phase into
the interface produces a globularized microstructure.
Termination migration consists of the mass transfer from
the curved surfaces of the lamellar termination to the flat sur-
faces of the lamellae. The driving force is provided by the dif-
ference in curvature between the lamellar termination and the
flat lamellar interface. The lamellar alpha becomes globular-
ized during the course of coarsening. The work of Stefansson
et al.68 indicated that the second stage of globularization could
be attributed to termination migration.
Microstructure evolution mechanisms of the beta phase are
mainly DRX or DRV during (a+ b) working, unlike the
multi-mechanisms controlled lamellar alpha evolution pro-
cess.70–72 The dominant mechanism, DRX or DRV, is deter-
mined by the alloy per se and process parameters during
deformation. The work of Huang73 demonstrated that DRX
was observed in the beta phase for the TC11 titanium alloy
during deformation in the (a+ b) phase field. The work of
Jones et al.74 indicated that DRV occurred in the beta matrix
for the Ti–5Al–5Mo–5V–3Cr–1Fe alloy during (a+ b) pro-
cessing. The work of Warchomicka et al.75 showed that
DRV mainly occurred in the beta matrix for the Ti–5Al–5M
o–5V–3Cr–1Zr alloy during deformation in the (a+ b) phase
field, albeit CDRX would also occur with the change of strain
rate.
3.2. Effects of process parameters on microstructure evolution
during (a+b) working
During (a+ b) working, globularization usually takes place
within the alpha phase with a lamellar structure via the forma-
tion of high-angle boundaries and DRX or DRV usually takes
place in the beta phase. Many authors have investigated the
effects of processing parameters, including the prior beta grain
size, thickness of alpha plates, deformation temperature, strain
rate, and strain, on globularization.76 Complicated precipita-
tion transformations have been corroborated in hot working
and subsequent heat treatment or cooling process of bi-
modal titanium alloys. In the sense of precipitation transfor-
mation, aGB, aWGB, and aWI (subscript WI stands for Wid-
mansta¨tten intragranular precipitates) are obtainable during
cooling down of the high-temperature beta phase. Moreover,
the type, volume fraction, and morphology of these precipita-
tions are determined by processing parameters as well as
microstructure parameters. As far as microstructure parame-
ters are concerned, interesting rules have been found that the
difference in the size of prior beta grains results in the differ-
ences in length and width of the lamellar alpha phase and fur-
ther influences the globularization efficiency of alpha grains.
Semiatin et al.77 studied the globularization kinetics of the
lamellar alpha phase in the Ti–6Al–4V alloy with prior beta
grain sizes of 100 lm and 400 lm, respectively, during (a
+ b) working. The result showed that the globularization ratio
of the lamellar alpha precipitated from fine beta grains was
much higher with the same process parameters.
Poorganji et al.78 studied the microstructural evolution of
near-alpha titanium alloys with different initial microstruc-
tures during (a+ b) working. The finer the initial microstruc-
ture obtained by quenching and reheating processes was, the
more inhomogeneous plastic deformation distribution wasgained. This inhomogeneous distribution of plastic deforma-
tion increased the driving force for initiation of DRX and
the percentage of high-angle grain boundaries. The work indi-
cated that a finer initial microstructure was beneficial to the
globularization of lamellar alpha. Men et al.79 studied the
microstructure evolution of the TC11 alloy with lamella thick-
nesses of 3 lm and 0.4 lm, during deformation at a tempera-
ture range from 920 C to 980 C. They found that the finer
the lamellar alpha was, the higher extent of globularization
was obtained. This might be attributed to the effect of the
alpha lamella thickness, i.e., the Hall-Petch effect on the glob-
ularization mechanisms. Zherebtsov et al.80 studied the globu-
larization behavior of the Ti–6Al–4V alloy with a lamellar
structure when deformed at 800 C. In their point of view,
boundary splitting was a dominant globularization mechanism
within the thin plates while CDRX was believed to occur
mainly within the thick plates. This lends supports to the asser-
tion that lamellar thickness affects the globularization
mechanisms.
The effect of strain on globularization of a lamellar struc-
ture is more significant compared with those of strain rate
and temperature during (a+ b) working. The initiation of
globularization occurs as the strain reaches a critical value.
The fraction of globularization increases with an increasing
strain and is able to achieve a sufficiently high level as the
strain reaches to an enough extent.81 The initiation strain
and completion strain for globularization relate to the thick-
ness of the alpha plates and as a result bound up with the com-
position of the alloy as the interrelation between the alloy
composition and the lamella thickness is concerned. Taking
the near beta titanium alloy as an example, the initiation strain
and completion strain will be lower when the beta stabilized
element is higher. Wu et al.82 studied the behavior of globular-
ization of the TA15 titanium alloy with a lamellar structure
during (a+ b) working. The results showed that the effect
of strain on globularization was notable. Initiation strain
and completion strain for globularization of the lamellar struc-
ture were 0.34–0.59 and 3.4–6.8, respectively, with a strain rate
of 0.01–1 s1 and temperature ranging from 860 C to 970 C.
The work of Wang et al.83 demonstrated that the initiation
strain and completion strain for globularization of the Ti-17
titanium alloy with a lamellar structure were 0.4 and 1.0,
respectively.
Strain rate also has an important effect on the globulariza-
tion of titanium alloys with lamellar structures during (a+ b)
working.84,85 A higher strain rate leads to more inhomoge-
neous plastic deformation which will introduce severe defor-
mation at the local region. Li39 studied the microstructure
evolution of the TC11 alloy with a lamellar structure during
(a+ b) working at a strain rate of 10.0 s1. Their observation
showed that the adiabatic shear band which was arranged at a
45 orientation from the loading axis was generated due to the
local high strain rate shearing and this microstructure pattern
attenuated when the strain rate decreased in two to three
orders of magnitude. Meanwhile, plastic deformation became
more and more homogeneous. In the light of above discussed
investigation, a lower strain rate can effectively improve the
deformation homogeneity and supply enough time for globu-
larization of lamellar structures and is thus favorable to glob-
ularization control. A study86 on the microstructure evolution
of TC21 in high-temperature deformation regimes done by
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Microstructure characteristics of DRX were not found at high
strain rates (1–10 s1), while a cooperative phenomenon of
DRX and alpha lamella globularization was observed at
900 C and 0.01 s1.
The volume fraction and thickness of lamellar alpha are
sensitive to deformation temperature. In detail, with the
increase of temperature, the volume fraction of the alpha
phase decreases. Moreover, heating temperature exerts effect
on the alpha lamella thickness. In other words, fine lamella
such as martensite lamella becomes thicker with the increase
of temperature within the (a+ b)-phase region, while coarse
lamella represented by the furnace cooling microstructure
changes in an opposite way.59 It is explicable because the dif-
fusion of solute elements is much easier at higher temperature
which results in the acceleration of interface migration and ter-
mination migration. With all these phenomena observed and
the clues of the temperature related globularization found,
many researchers have been making their efforts to illuminate
the influence rules of temperature on globularization and the
related mechanisms of bi-modal titanium alloys with lamellar
structures.87,88 Zherebtsov et al.80 studied the globularization
of the Ti–6Al–4V alloy with a lamellar structure during warm
working. They found that CDRX took place at 600 C while
boundary splitting took place at 800 C. However, Zhan89
found that DRX took place within alpha plates during defor-
mation with a strain rate of 0.001 s1 at 800 C while DRV
occurred within alpha plates with the same strain rate at
925 C.
The effect of temperature not only embodies during the
working process but also in the subsequent heat treatment pro-
cess. The lamellar alpha structure transforms into a short-bar
shape or a band-like shape after deformation in the two-phase
region and alpha grains with these shapes further split or
spheroidize via holding or heat treatment. As a consequence,
hot working + holding/heat treatment with an appropriate
time interval and temperature adjustment is a promising strat-
egy for microstructure modification. This kind of strategy was
employed by Stefansson et al.90 in their work on microstruc-
ture evolution of the Ti–6Al–4V titanium alloy during post-
deformation annealing at 900 C and 950 C. Conclusions
were drawn that kinetics of static globularization depended
on the pre-imposed strain and the annealing temperature.
3.3. Microstructure prediction and control during (a+ b)
working
Lamellar structures of titanium alloys globularize by means of
generating intra-lamellae high-angle grain boundaries after
deformation in the (a+ b)-phase region. Based on previous
investigations on microstructure evolution behavior and influ-
ence rules of lamellar structures during (a+ b) working, var-
ious kinetics models have been proposed by researchers for the
sake of precisely predicting this process. These models were
mainly utilized for predicting globularized kinetics of alpha
phases, average grains size, and the kinetics during static
annealing. The volume fraction and grain size of alpha grains
are predicted by the means of empirical models, neural net-
work models, internal variables based models, etc.91–93
Empirical models, in which the microstructure-related vari-
ables are expressed as functions of strain, strain rate, anddeformation temperature based on experiment results, are
one of the most frequently used models to predict microstruc-
ture evolution of titanium alloys with lamellar structures in vir-
tue of the fact that they are characterized by simplified
formation and high prediction precision. Among empirical
models, the modified Avrami equation gained comprehensive
use to predict the kinetics of lamellar structure in titanium dur-
ing (a+ b) working.94,95 Chen et al.96 founded the modified
Avrami equation which was established to describe the kinetics
of globularization of the TC11 titanium alloy with a lamellar
structure as determined by Eq. (6). The prediction result tallied
well with the experiment results to some extent. Wu et al.97
established another Avrami-type equation, Eq. (7), to predict
the dynamic globularization kinetics of the TA15 alloy with
a lamellar structure in which better precision was achievable.
fdg ¼ FðZÞ½1 expðkenÞ ð6Þ
fdg ¼ 1 exp½kðe ecÞn ð7Þ
where fdg is the volume fraction of dynamic globularized a,
FðZÞ is a modified function of the Avrami kinetics model, k
is the kinetic constant and temperature-dependent factor,
and n is the Avrami exponent.
The artificial neural network method which extracts
microstructure evolution laws based on vast laboratory find-
ings and predicts microstructure evolution behaviors accu-
rately is another favorable scheme to predict microstructure
evolution of titanium alloys during (a+ b) hot working.
Based on vast experiment data, Wang et al.98 proposed a neu-
ral network model to predict microstructure evolution of the
Ti-17 titanium alloy with a lamellar structure during (a+ b)
working. The model successfully predicted the globularization
of different locations in a sample with a weight as heavy as
22 kg.
Static globularization behaviors of titanium alloys and
model predictions of globularized volume fraction and globu-
larized grain size of prior alpha phases have attracted the
attentions of researchers in consideration of improved globu-
larization efficiency and effectiveness brought by post-
deformation holding/heat treatment.99 The kinetics models of
the TA15 titanium alloy were comparatively established by
Fan et al.100 based on sigmoidal equation and parabolic equa-
tion. The volume fraction of alpha phases during static anneal-
ing was predicted and close to the experiment result.
Stefansson et al.90 studied the static globularization of the
Ti–6Al–4V alloy with a lamellar structure, and precisely pre-
dicted the grains size of alpha phases during the static anneal-
ing process with the aid of the classical coarsening theory.
3.4. Further works in (a+ b) working
Although a lot of researchers have investigated the influence
rules and mechanisms of process parameters on microstructure
evolution behavior, model prediction and further intended
control of the microstructure evolution process, and ultimate
performance of bi-modal titanium alloys, some problems still
exist in this field, which are summarized as follows:
(1) Limited studies on the effect of beta phase morphology
on the microstructure evolution during (a+ b) working
have been reported. Titanium alloys with lamellar
36 L. Guo et al.structures investigated recently are mostly obtained by
quenching of high temperature heat treated beta phases.
The thickness and direction of lamellar alpha are homo-
geneously distributed and disordered because of the
homogeneous nature of precipitation transformation in
undeformed beta grains. However, the morphology of
beta phases during b working is inhomogeneous which
leads to complex microstructure patterns including
equiaxed beta grains of DRX, elongated beta grains,
and undeformed beta grains. This inhomogeneity of
beta grain morphology and distribution affects the mor-
phology of alpha precipitation, and globularization
inhomogeneity occurs due to the inheriting effect. As a
result, morphology and distribution of beta grains play
a key role in microstructure evolution behavior during
(a+ b) working. This kind of inherited microstructure
inhomogeneity could be detrimental in an actual manu-
facturing process, especially in processing large-size tita-
nium alloy bars. To this end, the research on the effects
of beta morphology on microstructure evolution during
(a+ b) working could be conducive in fabrication of
large-size titanium alloy bars.
(2) An appropriate model is required by which the predic-
tion of microstructure evolution during b/(a+ b) work-
ing is obtainable. In view of the present situation that
existing models predict the microstructure evolution
independently, i.e., they predict the microstructure evo-
lutions during bworking and (a+ b) working separately
rather than providing a scheme of through-process pre-
diction to effectively demonstrate microstructure evolu-
tion behavior concerning both b working and (a+ b)
working. A mathematical method should be proposed
to quantify and characterize the microstructure evolu-
tion features based on the present models, which can
overall consider the influences of both b working and
(a+ b) working on globularization in the (a+ b) phase
field. By this way, accurate, thorough, and systematical
prediction and control of the target microstructure of
titanium alloys during hot working should be expected.
4. Microstructure control methods in forming titanium alloy bars
Titanium alloy ingots melted by double or three VAR pro-
cesses are forged in the beta phase field and the two phase field
to obtain titanium alloy bars with required shape and
microstructure.101–105
b forging can break up the coarse cast structure and refine
beta grains. In a b forging process, we pay attention to the
degree of total deformation, which is determined by the degree
of deformation in a single heat and heating times. Wang
et al.106 studied the forging process for TC11 titanium alloy
bars with a diameter of 320 mm during b forging. Two types
of forging processes were employed: (1) the total deformation
degree was greater than 50% within 1–2 times of heat; (2) the
total deformation degree was greater than 70% within 1–2
times of heat. An acceptable bar was fabricated using the sec-
ond processing route. In most cases, the processing parameters
are selected based on experience or the trial-and-error method.
These methods are time and cost consuming, and the obtainedprocessing routes are not always the best. Ref. 107 indicated
that the grains size of beta phases was sensitive to heating tem-
perature above the beta transus. The grains size and morphol-
ogy of beta phases are determined by heating temperature and
the degrees of deformation in the last heat. The grain size and
morphology of beta phases will affect the subsequent working
in the two-phase region. Therefore, it is a key factor for fabri-
cation of titanium alloy bars.
(a+ b) forging deformed below the beta transus can break
up the lamellar structure cooled from the beta phase field and
obtain the microstructure of globularized alpha distributed in
the beta matrix. The heating temperature, heating times, and
degree of deformation for single heat are the most important
parameters for obtaining a fine and homogeneous microstruc-
ture. Wu et al.108 studied the forging process for TC11 tita-
nium alloy bars with a diameter of 130–160 mm via a radial
forging process during (a+ b) forging. Two types of forging
processes were employed: (1) the total deformation degree
was 50%; (2) the total deformation degree was 80%. A bar
with an equiaxed and homogeneous microstructure was fabri-
cated by the second processing route. The heating temperature
is unusually 10–70 C below the beta transus.109–112 The speci-
fic temperature is influenced by the workability of the material
and the required volume fraction of primary alpha. The heat-
ing times and degree of deformation are often determined by
experience, and examined by a simple experiment. Similar to
b working, further work is needed on optimizing the process-
ing parameters.
As mentioned above, the processing route of titanium alloy
bars contains both b working and (a+ b) working. b working
affects the globularization of the lamellar structure of titanium
alloy during (a+ b) working, and thus influences the
microstructure of the final product. The process of b/(a+ b)
working should be considered as a whole one, in which b
working and (a+ b) working match each other. Huang
et al.113 studied the optimization working process for the Ti-
1023 titanium alloy. They matched b forging with (a+ b)
forging by the means of alternating one or two times, and
the final processing was accomplished in the (a+ b) phase
field. A bar with a fine and homogeneous microstructure was
fabricated successfully. The method for selecting the alternated
frequency is dependent on experience or the trial-and-error
method. This method is helpful for obtaining a fine and
homogenous microstructure, but is time and cost consuming.
However, b working and (a+ b) working are considered as
two separate processes in most cases. The absence of an inte-
grated design of b/(a+ b) working increases the total defor-
mation degree required, which increases production cycle
and cost. Especially, for large-size titanium alloy bars (diame-
terP 350 mm), the matching between b working and (a+ b)
working is more important. This is because the deformation
inhomogeneity increases with the size of the bar. To obtain a
homogeneous microstructure, multi-heat and multi-
directional deformation is necessary.114 The total deformation
degree may increase sharply if b working and (a+ b) working
do not match, which lowers the production efficiency, so this
requires an advanced processing technic for titanium alloy
bas. Further works are needed on the effect of interaction
between b working and (a+ b) working on the globulariza-
tion of lamellar structure.
Microstructure control techniques in primary hot working of titanium alloy bars: A review 375. Trends in microstructure control techniques for titanium alloy
bars
Microstructure control is important to the fabrication of
titanium alloy bars. With the increasing demands of large-
size titanium alloy bars, it is necessary to optimize the primary
hot working process so as to obtain high-quality bars with low
cost. The trends in microstructure control techniques for tita-
nium alloy bars are as follows:
(1) Quantifying the relationship between beta grain mor-
phology and process parameters is necessary for
microstructure control in b working.
(2) The effect of b working on the microstructure evolution
in subsequent (a+ b) working needs further investiga-
tion so as to control the globularization process in pri-
mary working.
(3) Integrated design of b working and (a+ b) working is
necessary so that production cost and time can be reduced.
(4) The through-process modeling and prediction of
microstructure evolution can be used to optimize the pri-
mary hot working process. Models relating the
microstructure parameters with the complex thermo-
mechanical processing route based on the underlying
mechanisms need further investigation.
6. Remarks
How to fabricate high-quality titanium alloy bars is very impor-
tant to the fabrication of titanium alloy components in the avi-
ation industry. To fabricate titanium alloy bars with high
efficiency, low cost, and high quality, it is necessary to develop
advanced microstructure control techniques. With the increas-
ing demands of large-scale bars, how to control the microstruc-
ture has become a challenge. Integrated design of bworking and
(a+ b) working is a feasible way to develop microstructure
control techniques. Through-process modeling and simulation
are important tools for integrated process design.
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